We previously reported that lysine inhibits in vivo homocitrate synthesis in the lysine bradytroph, Penicillium chrysogenum L1, and that such feedback inhibition could explain the known lysine inhibition of penicillin formation. In the present study, it was found that dialyzed cell-free extracts of mutant L1 converted [1-"4C ]acetate to homocitrate. This homocitrate synthase activity was extremely labile but could be stabilized by high salt concentrations. The pH optimum of the reaction was 6.9, and the Km was 5.5 mM with respect to a-ketoglutarate. The reaction was also dependent upon the presence of Mg2+, adenosine 5'-triphosphate, and coenzyme A. Surprisingly, the activity in these crude extracts was not inhibited by lysine. Benzylpenicillin at a high concentration (20 mM) partially inhibited the enzyme, an effect that was enhanced by lysine. Casein hydrolysate also partially inhibited the enzyme.
Penicillin and L-lysine appear to share a branched biosynthetic pathway in Penicillium chrysogenum (4a) . The inhibition of penicillin production by lysine (3) might thus be explained by feedback inhibition of the first enzyme of the common path, homocitrate synthase, by lysine. In support of this hypothesis, we reported that addition of lysine to washed suspensions of P. chrysogenum inhibited incorporation of labeled valine into the antibiotic (16) . To elucidate the site of lysine action, we isolated a lysine bradytrophic mutant of the penicillin-producing strain Wis. 54-1255. We have found that in vivo homocitrate accumulation in this early-blocked mutant is inhibited by lysine (4b) . In the present communication, we report studies on homocitrate synthase activity in crude extracts of this mutant. Surprisingly, such activity is insensitive to lysine inhibition. MATERIALS The presence of homocitrate synthase activity in the cell-free extracts was dependent on the methods used for rupture of the cells. Active cell-free preparations were consistently obtained after chitinase disruption of the mycelium, whereas cells broken in the Hughes press sometimes yielded inactive extracts, possibly due to the freezing of the mycelia. In the experiments to be described, the extracts were prepared by breaking the cells enzymatically, unless otherwise specified.
The age of the culture used to prepare the cell-free extract was critical. There was a marked reduction in activity when extracts were prepared from older cultures. This observation is consistent with the in vivo results which showed that homocitrate synthesizing activity is maximal during the trophophase and decreases as growth slows down (4b) . Therefore, the cell-free extracts were routinely prepared from mycelia grown for 2.5 days in the glucose-citrate medium.
Homocitrate synthase activity was found to require a high ionic strength. Either the disruption of cells in phosphate buffer at molarities lower than 0.1 M or dialysis against such buffers resulted in inactivation of the enzyme. The presence of mercaptoethanol (5 mM) in the buffer used for dialysis yielded slightly decreased activity.
Studies on the time-course of homocitrate synthesis ( Fig. 1) Since L-a-aminoadipate is presumed to be at the branch point for biosynthesis of lysine and penicillin, its effect was also tested. It showed no effect on homocitrate synthase activity at concentrations of 10 and 20 mM of the DL-mixture, either in the absence or presence of 20 mM L-lysine. Benzylpenicillin was also tested since it is considered to be the other end product of the branched pathway. As shown in Table 4 , 20 mM benzylpenicillin inhibited the enzyme by 55%. Even more interesting was the finding that the inhibition was enhanced by lysine.
All work to this point had been carried out on extracts prepared by chitinase treatment of mycelia grown on a glucose-citrate medium. An attempt was made to confirm the effects of the compounds studied above with extracts from an actual penicillin fermentation. The fermentation was conducted in a defined production medium as described previously (4b). After 2 days, the mycelia were harvested, washed, and disrupted in a Hughes press. The press was used to bypass the possibility that the chitinase treatment desensitized homocitrate synthase to lysine inhibition. The results shown in Table 5 confirm the mild lysine stimulation, the lack of effect by aminoadipate, and the inhibitory action of benzylpenicillin on homocitrate synthase. An amino acid mixture was also included in this experiment to explore the possibility that the simultaneous presence of lysine and some other amino acid might be required for homocit- aThe concentration of acid-hydrolyzed casein was calculated assuming an average amino acid molecular weight of 100; i.e., it was added at 0.2% (wt/vol). rate synthase inhibition; 0.2% salt-free and vitamin-free casein hydrolysate inhibited the enzyme by about 50%. Further work is necessary to determine the particular amino acids responsible for the inhibitory effect. We attempted to carry out the identical experiment with mycelia from a later stage of the fermentation (i.e., at mid-idiophase). However, as previously observed in in vivo studies (4b), the homocitrate synthase activity dropped markedly after trophophase. Thus, activity was so low that the extracts, whether they were prepared in the Hughes Press or with chitinase, could not be used.
DISCUSSION
The lability of homocitrate synthase from P. chrysogenum and its sensitivity to freezing was APPi-MICROBIOL. unexpected in view of the stability of this enzyme from Saccharomyces cerevisiae (15) and Neurospora crassa (10) . The yeast and Neurospora enzymes do not require high ionic strength for stability.
The inhibition of homocitrate synthesizing activity by increasing the amounts of the crude enzyme extract above 0.3 ml (1.4 mg of protein) might be due to carryover of some inhibitor. A similar observation was reported for 6-methylsalicyclic acid synthetase in Penicillium patulum (18) .
An optimal pH value has not been previously reported for any homocitrate synthase. Therefore, the results obtained with the P. chrysogenum enzyme cannot be compared with literature values. However, the Km for a-ketoglutarate was virtually identical to the figure of 5 x 10-3M observed with homocitrate synthase from Candida lipolytica (P. Maldonado, L. Poirer, and H. Heslot, Abstr. Fourth Internat. Ferment. Symp., p. 243, 1972).
The dependence of the P. chrysogenum enzyme on Mg2+, adenosine 5'-triphosphate, and coenzyme A appears to be partial. With the Neurospora enzyme, there is total adenosine 5'-triphosphate dependence, but the Mg2+ and coenzyme A requirements are only partial (10) . The partial dependencies observed in the present studies with the Penicillium enzyme could be due to incomplete removal of the cofactors during dialysis because of binding to some macromolecule.
The total lack of lysine inhibition of homocitrate synthase in cell-free extracts of P. chrysogenum is contrary to the observations on this enzyme in Saccharomyces (15, 19) and Neurospora (10) . A number of possible explanations can be considered which could explain our findings. These are as follows: (i) Lysine is not the true effector but it regulates the level of the effector or is converted into such a compound.
(ii) Lysine exerts concerted feedback inhibition in combination with another ligand. (iii) Lysine is the true inhibitor but the optimal conditions for in vitro homocitrate synthase activity are so different from that occurring in the cell that lysine has no effect in the in vitro assay. (iv) The enzyme is desensitized during liberation from the mycelia.
We have no data to evaluate the first possibility, but feedback inhibition in other systems is sometimes effected via amino acid derivatives rather than the amino acids themselves (5, 11) . The second possibility is quite common in pathways of primary metabolism but has never been studied in a pathway involving a secondary metabolite. The inhibitory effect of an amino acid mixture observed in the present study supports such a possibility; however, whether lysine is involved must still be determined. Another finding which merits further study is the ability of benzylpenicillin to inhibit homocitrate synthase and the apparent enchancement of this effect by lysine. At present, we are somewhat suspicious of the physiological significance of the penicillin effect due to the high concentrations required for inhibition (i.e., 10 to 20 mM or 3.5 to 7.0 g/liter). Although industrial strains of P. chrysogenum produce even higher extracellular concentrations of penicillin, the intracellular concentration is thought to be much lower than that of the extracellular fluid (4). However, if compartmentation exists in P. chrysogenum, it is possible that high penicillin concentrations exist in such a compartment. High levels of penicillin are also required to inhibit net penicillin synthesis in intact mycelia of P. chrysogenum (7), but this could be due to a permeation problem.
The third possibility is known in other systems. For example, pH is an important factor for feedback inhibition of 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase of Streptomyces aureofaciens (8) and inosine-5'-monophosphate dehydrogenase of Bacillus subtilis (20) . In the case of the Streptomyces enzyme, the optimal pH for feedback inhibition is different from the optimum for enzyme activity. The effect of pH on the regulation of homocitrate synthase remains to be examined. The inorganic salt concentration is another factor which is often critical for feedback inhibition. For example, homoserine dehydrogenase of Rhodospirillum rubrum is insensitive to feedback inhibition at high (200 mM KCl) salt concentrations (2). Unfortunately, homocitrate synthase of P. chrysogenum is unstable at low salt concentrations and had to be studied at high salt concentrations. Another factor to be considered in feedback inhibition is the substrate concentration (20) . However, even when we lowered the concentration of a-ketoglutarate, we observed no inhibition by lysine. The fourth possibility, that of enzyme desensitization during preparation of extracts, has been observed in other systems (6, 9, 12, 14) . Glatzer et al. (6) reported that mitochondrial acetohydroxyacid synthetase of N. crassa was strongly inhibited by valine in an in vivo system. However, in extracts, the same enzyme was unstable and was completely insensitive to feedback inhibition by valine. A similar situation involving 6-methylsalicylic acid synthetase was reported by Light (12) in P. patulum. This enzyme was sensitive to inhibition by 6-methylsalicylic acid in vivo but was insensitive to inhibition and unstable in vitro. In P. chrysogenum, Goulden and Chattaway (9) reported that preparation of permeabilized suspensions in serum albuminsucrose-phosphate results in complete desensitization of acetohydroxyacid synthetase to feedback inhibition by valine. The same cells, permeabilized by suspension in 20% glycerol with 10% benzene, possessed enzyme inhibitable by valine.
In our studies, instead of inhibiting the enzyme, high concentrations of lysine activated homocitrate synthase. Similar activation was not observed with the same concentration of sodium phosphate or of omithine. Activation by a known feedback inhibitor, isoleucine, has been observed with threonine dehydratase of Brevibacterium flavum (17) . This enzyme has an activation site to which valine normally binds; apparently, isoleucine can also bind to this site. In the desensitized 6-methylsalicylic acid synthetase system mentioned above, Light (12) observed that 6-methylsalicylic acid stimulated, rather than inhibited, enzyme activity.
